Abstract Sea lampreys Petromyzon marinus, an invasive pest in the Upper Great Lakes, avoid odours that represent danger in their habitat. These odours include conspecific alarm cues and predator cues, like 2-phenylethylamine hydrochloride (PEA HCl), which is found in the urine of mammalian predators. Whether conspecific alarm cues and predator cues function additively or synergistically when mixed together is unknown. The objectives of this experimental study were to determine if the avoidance response of sea lamprey to PEA HCl is proportional to the concentration delivered, and if the avoidance response to the combination of a predator cue (PEA HCl) and sea lamprey alarm cue is additive. To accomplish the first objective, groups of ten sea lampreys were placed in an artificial stream channel and presented with stepwise concentrations of PEA HCl ranging from 5 9 10 -8 to 5 9 10 -10 M and a deionized water control. Sea lampreys exhibited an increase in their avoidance behaviour in response to increasing concentrations of PEA HCl. To accomplish the second objective, sea lampreys were exposed to PEA HCl, conspecific alarm cue and a combination of the two. Sea lampreys responded to the combination of predator cue and conspecific alarm cue in an additive manner.
Introduction
Aquatic environments are abundant in chemical information, which describe surrounding biological interactions (Wisenden & Chivers, 2006) . This chemical information is publicly available (Wisenden & Chivers, 2006) , persists in aquatic environments longer than other sources of information (Wisenden, 2003) , is low cost to acquire (Brown, 2003) , and reliably indicates nearby predators (Kats & Dill, 1998) . For these reasons, chemical information is the dominant form of communication in aquatic environments (Ferrari et al., 2010) . Chemical information can originate from a variety of sources but the first discovered was conspecific tissue extract by von Frisch (1941) . These conspecific tissue extracts (damage-released alarm cues), are released into the environment when a predator injures prey. Another type of chemosensory cue are predator cues or kairomones, the odours released by predators (Wisenden & Chivers, 2006) . These predator cues are arguably the most widespread chemosensory cue in predator-prey interactions (Wisenden, 2003) as they are available even if no recent predation events have occurred.
Although the antipredator response to chemosensory cues will reduce the risk of an individual being preyed upon, the behaviour also consumes time and energy (Brown et al., 2011) and may cause nonconsumptive effects on prey such as reduced foraging, lower mating success or emigration (Preisser et al., 2005) . The threat-sensitive predator avoidance hypothesis (Helfman, 1989) expects prey to match the degree of antipredator behaviour to the level of risk detected. Recent research has investigated the effect of multiple cues and has mostly focused on multiple modalities of cues, such as a visual cue paired with a chemical cue (Brown & Magnavacca, 2003; McCormick & Manassa, 2007; Ward & Mehner, 2010; Holmes & McCormick, 2011) . Notably, Mikheev et al. (2006) found that a predator odour alone did not affect the feeding rate of European perch Perca fluviatilis Linnaeus, 1758 but a combination of predator odour with a visual predator cue caused a significantly stronger effect than the visual cue alone. Since the combination caused a stronger response than the sum of the individual cues, this is a synergistic effect. Ferrari et al. (2008) paired two odours, a disturbance cue (a signal released by prey when are disturbed) with a damage-released alarm cue, to determine how fish would interpret the combined effect of these supporting cues and found the combination to be additive. The combinations of predator cue and alarm cue can have a much larger impact on antipredator defences than either cue alone (Schoeppner & Relyea, 2005) as the increase in chemical information reduces uncertainty about the environment. In some species of snail, for example, both a predator cue and damage-released alarm cues are required to cause any avoidance behaviour (Alexander & Covich, 1991; Jacobsen & Stabell, 2004) .
Sea lamprey Petromyzon marinus Linnaeus, 1758 is an invasive species in the Laurentian Great Lakes (Smith & Tibbles, 1980) and is actively controlled with selective pesticides (Brege et al., 2003) and barriers to block spawning migrations (McLaughlin et al., 2007) . Additional control tools are desired to improve control program effectiveness and decrease cost (Great Lakes Fishery Commission, 2011) . Chemical cues have shown promise for use in an integrated program, where attractants (Johnson et al., 2013) and repellents (Wagner et al., 2011; Imre et al., 2014) could be used in tandem to push and pull adult sea lampreys into barrier-integrated traps or streams where chemical treatments are effective (Cook et al., 2007; Imre et al., 2010; Hume et al. 2015) . Sea lamprey avoid the alarm cues of adult conspecifics (Wagner et al., 2011; Bals & Wagner, 2012; Imre et al., 2014) and the predator cues 2-phenylethylamine (PEA, a compound found in mammalian carnivore urine, Ferrero et al., 2011) and human saliva (surrogate for saliva of an omnivorous mammalian predator, Di Imre et al., 2014) . However, it is not known if a combination of conspecific alarm cue and predator cue is more effective at repelling sea lamprey than using only one or the other. Clearly, the synergistic effect of multiple cues demonstrated in Mikheev et al. (2006) could improve the effectiveness and reduce the cost of implementing chemosensory cues into a management strategy to control invasive sea lamprey.
The goal of this study was to determine how sea lampreys respond to a combination of predator cues and conspecific alarm cues. The objectives were (1) to determine if the avoidance response of sea lamprey to PEA HCl is proportional to the concentration delivered, and (2) to compare sea lamprey behavioural avoidance in response to individual cues (predator cue (PEA HCl) and sea lamprey alarm cue) and their combination. While Bals & Wagner (2012) found a correlation between mass of extracted tissue and sea lamprey avoidance, no such relationship between PEA HCl concentration and sea lamprey avoidance response has been described. First, an experiment was conducted where sea lampreys were dosed with stepwise concentrations of PEA HCl and the strength of their avoidance response was quantified. In a second experiment, sea lampreys were exposed to PEA HCl, sea lamprey tissue extract and a combination of both cues containing half the concentration of each cue when dosed individually. If the combination of cues induces a significantly stronger response than both cues individually, the combination will function synergistically. If the response of the sea lamprey to the combined cues is not different from individual cues, the combination will function in an additive manner. Alternatively, it is possible that the cues function in an antagonistic manner, with the combination inducing a weaker avoidance response than either individual cue alone. We hypothesized that sea lamprey avoidance will increase with increasing PEA HCl concentration, as predicted by the threat-sensitivity hypothesis. We also hypothesized the response to a combination of cues will be additive, as found in Ferrari et al. (2008) .
Materials and methods

Experimental subjects
The sea lampreys used in this experiment were captured from the St. Marys River by Fisheries and Oceans Canada in July 2014 and transported to the Hammond Bay Biological Station in Millersburg, MI. Sea lampreys were separated by sex and held in 1000 l flow-through tanks, which received 180 l of Lake Huron water per hour. To maintain the natural photoperiod of the subjects, the holding tanks were equipped with artificial lights on a timer set to a 15L:9D photoperiod with the lights turning off at 21:00 h. During the PEA HCl concentration gradient experiment, water temperature in the holding tanks was (mean ± SD) 12.0 ± 2.3°C, the mean wet mass of subjects was 237 ± 48 g and their mean total length was 484 ± 33 mm. During the additivity experiment, the water temperature in the holding tanks was 11.9 ± 0.9°C, the mean wet mass of subjects was 230 ± 45 g and the mean total length was 475 ± 33 mm. Sexual maturity was determined by applying gentle pressure to the abdomen. If an individual released sperm or eggs, they were classified as sexually mature (Siefkes et al., 2003) . The wet mass, length and sexual maturity were measured after behavioural observations were conducted, to reduce handling stress.
Stimulus preparation PEA HCl concentration levels for the first experiment were selected in a stepwise manner based on preliminary experiments. The four concentrations of PEA selected were 5 9 10 -8 M, 3 9 10 -9 M, 5 9 10
and 5 9 10 -10 M. These molar concentrations represented the in-stream concentration experienced by sea lamprey (for specific amounts, see Table 1 ). The sea lamprey tissue needed for the additivity experiment was obtained from 10 donor animals. Use of experimental and tissue donor subjects was approved by the Algoma University Animal Care Committee (AUP No. 2014-II-001). Tissue extract was prepared using a modified procedure originally described by Di Rocco et al. (2014) and Imre et al. (2014) . Donors were killed with blunt-force trauma to the head before being decapitated. The remaining body was separated lengthwise into five approximately equal segments and 8 g of tissue cross sections were removed from one of the segments. This step was repeated for all ten donors (males: N = 5, mean total length = 455 ± 17 mm, mean wet mass = 194 ± 26 g, proportion sexually mature = 0%; females: N = 5, mean total length = 478 ± 37 mm, mean wet mass = 241 ± 72 g, proportion sexually mature = 0%) with tissue being removed once from all five segments for both sexes. The 80 g of tissue was homogenized in 750 ml of deionized water before being filtered through 100% cotton cheesecloth. Additional deionized water was added to the filtrate to bring the final volume to 1 l. The filtrate was stored at -10°C in 50 ml aliquots until further use.
The concentrations of chemosensory cue used in the second experiment were selected to correspond with intermediate level of threat. Based on the results of the first experiment, the concentration of PEA HCl selected was 3 9 10 -9 M because *60% of sea lampreys avoided the scented side of the stream channel during this treatment. Based on previous research 20 ml of sea lamprey whole body extract (corresponding to approximately 1.6 g of tissue) delivered over 20 min caused an avoidance response of similar intensity. For the combination of cues, half of each cue was delivered (Table 1) . Both experiments included a control treatment. In the control treatment, 20 ml of deionized water was delivered to the stream channel instead of chemosensory cue(s). All treatments were delivered to the stream channel via a delivery solution, which was created by topping-up the experimental stimulus or control to 400 ml using Lake Huron water from the stream channel.
Experimental protocol
To measure the behavioural response of sea lampreys to these chemosensory cues, experiments in two artificial stream channels were conducted at the Hammond Bay Biological Station in Millersburg, MI. The PEA HCl concentration gradient experiment was conducted from July 16 to 22, 2014 and the additivity experiment was conducted from July 31 to August 4, 2014. For both experiments, ten replicate groups of ten sea lampreys (five groups of males and five groups of females) were exposed to one of the treatments. All observations occurred between 21:00 and 05:00 h because sea lampreys are most active during the night (Binder & McDonald, 2007) . To reduce potential differences in water temperature between treatments, ten replicates were run each night with every treatment being delivered at least twice per night. The artificial stream channels were parallel and had a water depth of 20 cm and a discharge of 0.01 m 3 /s. Rhodamine dye tests were conducted prior to the experiments to ensure that all stimuli released remained on the scented half of the artificial stream channel. The experimental arena was a 6.23 9 1.84 m area delimited by removable screened gates. A given replicate group of sea lampreys was confined to baskets upstream of the experimental arena for 1 h to acclimate. After the acclimation period, the basket was gently slid down the artificial stream channel and overturned in the middle of the experimental arena. The group of sea lamprey were given 30 min to acclimate to the arena before video cameras (model: Axis Q1604 Network Camera) directly above the stream channels began recording. Each recording was 30 min in length and split into three, 10 min observation periods: the pre-stimulus observation period, the transition period and the stimulus observation period. At the beginning of the transition period, peristaltic pumps (model: MasterFlex L/S 7533-20) at the head of the experimental arena were turned on to supply the 400 ml delivery solution at 20 ml/min to the scented side/half of the experimental arena. During the pre-stimulus and stimulus observation period, the proportion of sea lampreys on the scented side was recorded. Afterwards, the sea lampreys were removed from the arena to have their wet mass (to the nearest g), total length (to the nearest mm) and sexual maturity (mature or immature) recorded while the next group of sea lamprey (which had been acclimating upstream for the previous hour) were released to acclimate in the experimental arena. The experimental schedules were designed to ensure that groups of males and females were exposed to all treatments each day, and the pump location was alternated between the left and right sides of the artificial stream channel, to control for any potential bias between sides. Each group of sea lampreys was exposed to a single treatment in one replicate before being donated to other researchers.
Data collection and statistical analysis
During the pre-stimulus and stimulus observation periods, the proportion of sea lampreys on the scented side of the stream channel was recorded every 30 s, resulting in 20 observations per observation period. The mean of these 20 observations was calculated for each replicate, resulting in the mean proportion on the scented side during the pre-stimulus and stimulus observation period. A middle line on the bottom of the stream channel (in an upstream-downstream direction) was used to determine if individual sea lamprey were on the scented or unscented side. A sea lamprey was considered to be on the scented side if the head had crossed the line into the scented half of the stream channel. All proportion data for both experiments were logit transformed (ln(P/(1-P)) before analyses because the logit transformation maps proportions to the whole real line (-?, ?) and because transformed data have a natural interpretation i.e. a unit increase in the independent variable results in an increase in the odds P/(1-P) by a factor of e b (b is the relevant regression parameter) (Warton & Hui, 2011) . The arcsine transformation used to be the standard transformation for the analysis of proportion data in ecology, but it is not recommended because parameters from arcsine transformed linear models are difficult to interpret and can lead to non-sensical predicted data (Warton & Hui, 2011) .
The molar concentrations of PEA HCl were log 10 transformed because they were of differing orders of magnitude, and a linear regression was fitted to the data [log 10 molar concentration of PEA HCl 9 logit(proportion of sea lamprey on scented side)]. Since log 10 (0) is undefined, a constant of 1 9 10 -10 was added to all molar concentrations to include the control treatment in the regression.
The proportion data for the additivity experiment were analyzed using a one-way ANOVA with logit transformed mean proportion of sea lampreys on the scented side during the stimulus observation period as the dependent variable and treatment as a fixed factor. A Tukey HSD was performed if there was a difference between treatments.
For both experiments, one-way ANOVAs were performed on the logit transformed pre-stimulus observation period data, to ensure there was no side preference prior to treatments being delivered. All logit transformed proportion data were normally distributed (ShapiroWilk, all P [ 0.05) and satisfied the homogeneity of variance assumption (Levene's test, all P [ 0.05). Oneway ANOVAs were used to verify that there was no difference in length, wet mass, or water temperature between treatments. All statistical analyses and figures were completed using Statistica 12.5 (Statsoft Inc. 2015) . The significance level was set at = 0.05.
Results
PEA HCl concentration gradient experiment
The proportion of sea lampreys on the scented side of the stream channel decreased as the molar concentration of PEA HCl increased (linear regression: log 10 [molar concentration of PEA HCl ? 1 9 10
-10 ] 9 logit(proportion of sea lampreys on scented side), P \ 0.001, R 2 = 0.41, logit(y) = -3.608 to 0.358 log 10 [x ? 1 9 10
-10 ], Fig. 1 ). Exposing sea lamprey to PEA HCl at 5 9 10 -8 M concentration, for example, is predicted to result in 0.27 of sea lamprey being on the scented side (i.e. 73% of the experimental population avoiding the stimulus).
No difference in the mean proportion of sea lampreys on the scented side during the pre-stimulus observation period was observed (one-way ANOVA: F 4,45 = 0.611, P = 0.657). Total length (one-way ANOVA: F 4,45 = 0.397, P = 0.810), wet mass (oneway ANOVA: F 4,45 = 0.582, P = 0.677), or water temperature (one-way ANOVA: F 4,45 = 0.349, P = 0.843) did not differ between treatments. None of the female and 1.6% of male sea lampreys used in this experiment were sexually mature.
Additivity experiment
There was a significant difference between treatments (ANOVA: F 3,36 = 5.999, P = 0.002, Fig. 2) . The mean proportion of sea lampreys on the scented side exposed to sea lamprey extract (Tukey HSD, P = 0.022) and the combinations of sea lamprey extract and PEA HCl (Tukey HSD, P = 0.002) were significantly lower than the control treatment. There were no other significant differences between treatments (Tukey HSD, all other P [ 0.05).
The mean proportion of sea lampreys on the scented side during the pre-stimulus period (one-way ANOVA: F 3,36 = 0.515, P = 0.674) did not differ. Total length (one-way ANOVA: F 3,36 = 2.114, P = 0.116), wet mass (one-way ANOVA: F 3,36 = 0.295, P = 0.829), or water temperature (one-way ANOVA: F 3,36 = 0.330, P = 0.803) did not differ between treatments. None of the female sea lamprey used in this experiment were ovulating, but 33.5% of males were spermiating.
Discussion
This is the first study to investigate the combined effects of multiple chemosensory cues on the avoidance behaviour of sea lampreys. Sea lampreys responded to increased concentrations of PEA HCl with increased area avoidance. By presenting sea lampreys with a combination of sea lamprey extract and PEA HCl, we found that the mixture did not induce an avoidance response significantly stronger than either cue alone. This finding supports our prediction of an additive effect, and it failed to support synergy or antagonism at these concentrations.
This study demonstrates sea lampreys avoid predator cues at a level proportional to the concentration delivered. This finding is consistent with the threat-sensitivity hypothesis, suggesting that sea lampreys associate the increased concentration of predator cue with an increase in predation risk. It is important to consider that the increased avoidance may be caused by increased detection frequency or concentration-dependent detectability, but these experiments did not investigate the olfaction of sea lamprey to these cues. Previous work has shown that sea lampreys also respond to increasing concentrations of conspecific tissue extract with an increase in avoidance behaviour (Bals & Wagner, 2012) . The Fig. 1 The logit transformed proportion of sea lampreys on the scented side of the laboratory channel during the PEA HCl concentration gradient experiment. The relationship was fit with a linear regression: logit(y) = -3.608 to 0.358 log 10 (x ? 1 9 10 -10 ) (n = 50, R 2 = 0.41, P \ 0.001) Fig. 2 The mean (±1 SE) proportion of sea lampreys on the scented side of the laboratory stream channel during the additivity experiment. Please note that non-transformed proportions are shown in the figure, while logit transformed proportions were used for statistical analyses response noted in sea lampreys is similar to the response of fathead minnows Pimephales promelas Rafinesque, 1820 to predator cues (Kusch et al., 2004) and conspecific extract (Ferrari et al., 2005) . The response of sea lampreys to mammalian predators in the wild can be predicted by comparing the amount of PEA released in urine to the response found in this experiment. Raccoons Procyon lotor (Linnaeus, 1758), a sea lamprey predator (Scott & Crossman, 1998; Kircheis, 2004) with relatively high concentrations of PEA in their urine (Ferrero et al., 2011) , urinate approximately 28 ml per day (Lotze & Fleischman, 1978) . Raccoon urine contains 51.1 lM of PEA (Ferrero et al., 2011) , so a raccoon could release approximately 173 lg of PEA in their urine at a given time. This is much less than the 2750 lg of PEA HCl that was released over 20 min to achieve 3 9 10 -9 M concentration and cause *60% of sea lampreys to avoid the scented side but 173.4 lg would provide enough PEA to elicit a comparable response in 477 l of water. A sea lamprey might detect and avoid the amount of PEA released in the urine of a raccoon but it would be a localized area over a relatively short period of time. It is also important to consider PEA is only one compound in urine. Female sea lampreys are attracted to 7a, 12a, 24-trihydroxy-5a-cholan-3-one-24-sulphate (3kPZS), a pheromone released by spermiating male lamprey that directs females towards nests (Li et al., 2002) , but actual washings from spermiating males were more effective at retaining females at nests (Johnson et al., 2009 ). This finding suggests that 3kPZS is only one of multiple compounds found in spermiating male washings used by sea lampreys to communicate chemically. As PEA is only one of a plethora of compounds released in the urine of mammalian predators, actual raccoon urine might cause a greater response than the PEA component alone.
Knowing that sea lampreys respond to PEA HCl at 3 9 10 -9 M concentration allows for the comparison to known sea lamprey pheromones. Female sea lampreys are able to respond to species-specific 3kPZS at concentrations as low as 1 9 10 -14 (Johnson et al., 2009) . Adult stage sea lampreys can detect migratory pheromones released by larval lamprey at *10 -12 M (Li et al., 1995) . Both types of pheromones are bile acids so it is not surprising that sea lampreys respond to these species-specific pheromones at low concentrations because the olfactory system of migratory-phase sea lamprey is acutely sensitive to these bile acids (Li et al., 1995) . However, a study investigating the chemosensory receptors of sea lampreys found 28 intact single-axon trace amine-associated receptors (Libants et al., 2009 ). Therefore, it is possible sea lampreys are detecting the PEA HCl, an amine, at concentrations lower than 3 9 10 -9 M, but are not responding to it because the lower concentrations are below the minimum behavioural response threshold. Previous studies have shown that fish can detect concentrations of alarm cues even though they do not overtly respond to them (Brown & Smith, 1996; Brown et al., 2004) . To verify this is the case with sea lamprey in response to PEA HCl, a learning experiment similar to Brown et al. (2001) could be conducted where concentrations of PEA HCl below the response threshold are paired with conspecific tissue extract. Later, the same lampreys would be dosed with only the low concentrations of PEA HCl to see if they learn to associate the PEA HCl with a predation event and avoid the area. Alternatively, an electro-olfactogram could determine if sea lampreys are detecting, but not avoiding lower concentrations of PEA HCl.
The second half of this study investigated the effect of combining PEA HCl with conspecific alarm cues. Because the combination of cues was not significantly different than the sea lamprey extract and PEA HCl, we conclude that the effect is additive. When presented with both cues, 35% of sea lampreys remained on the scented side. In past experiments, such as Imre et al. (2014) , only 20% of sea lampreys occupied the scented side of the stream channel when presented with a strong cue. So a stronger response to the combination of cues was possible, but did not occur. The sensory compensation hypothesis (Lima & Steury, 2005 ) expects prey to use multiple sensory modes to detect and respond to prey. Presumably, presenting two complementary cues of the same sensory modality reduces the overall uncertainty about risk of predation in the environment. Sea lampreys exposed to both cues would make antipredator decisions knowing that a predator is in the area and a conspecific has been injured or killed. Non-consumptive effects of predation, such as area avoidance, are costly and could reduce the chance of reproducing. A synergistic response could occur if sea lampreys avoid predation at a level greater than they are detecting. At this critical migratory phase of the sea lamprey life, they appear unwilling to expend this additional time and energy.
Although there does not appear to be an advantage in pairing these two chemosensory cues to deter migratory sea lampreys, they may still be useful for management purposes. Future research should investigate behavioural habituation to these cues. If sea lampreys stop responding to one cue after a certain amount of time, a second cue could be presented that may reinvigorate the avoidance behaviour. There is also the opportunity to re-evaluate chemosensory cue synergy/additivity with sea lampreys during the day. During the day, sea lampreys are less sensitive to chemosensory cues but it might be possible to boost the effectiveness of these cues with visual cues.
